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Abstract 47 

In classical Hodgkin lymphoma (cHL)—characterized by the presence of Hodgkin and 48 

Reed-Sternberg (HRS) cells—tumor-associated macrophages (TAMs) play a pivotal role in 49 

tumor formation. However, the significance of direct contact between HRS cells and TAMs 50 

has not been elucidated. HRS cells and TAMs are known to express PD-L1, which leads to 51 

PD-1+ CD4+ T cell exhaustion in cHL. Here, we found that PD-L1/L2 expression was 52 

elevated in monocytes co-cultured with HRS cells within one hour, but not in monocytes 53 

cultured with supernatants of HRS cells. Immunofluorescence analysis of PD-L1/L2 54 

revealed that their upregulation resulted in membrane transfer called “trogocytosis” from 55 

HRS cells to monocytes. PD-L1/L2 upregulation was not observed in monocytes co-cultured 56 

with PD-L1/L2-deficient HRS cells, validating the hypothesis that there is a direct transfer of 57 

PD-L1/L2 from HRS cells to monocytes. In the patients, both ligands (PD-L1/L2) were 58 

upregulated in TAMs in contact with HRS cells, but not in TAMs distant from HRS cells, 59 

suggesting that trogocytosis occurs in cHL patients. Taken together, trogocytosis may be 60 

one of the mechanisms that induces rapid upregulation of PD-L1/L2 in monocytes to evade 61 

antitumor immunity through the suppression of T cells as mediated by MHC antigen 62 

presentation.  63 

  64 
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Introduction   65 

Classical Hodgkin lymphoma (cHL) is a unique subtype of lymphoma characterized by a 66 

small population of the tumor cells known as Hodgkin and Reed-Sternberg (HRS) cells1-4. 67 

The tumor immune microenvironment (TIME), which consists of various immune cells, such 68 

as B cells, T cells, and macrophages, has been reported to play a crucial role in cHL1. 69 

Infiltration of tumor-associated macrophages (TAMs) has been correlated with poor 70 

prognosis of cHL, suggesting that TAMs play a key role in the TIME5-7. An increased number 71 

of peripheral blood monocytes in cHL patients has also been associated with poor 72 

prognosis8, 9. Thus, regulation of TAMs and monocytes have been proposed as potential 73 

mechanisms for treatment of cHL. 74 

Several humoral factors that regulate TAMs, specifically, cytokines and chemokines, 75 

such as the macrophage migration inhibitory factor, CX3CR1, and the colony stimulating 76 

factor 1 receptor (CSF1R), are involved in the development of cHL10, 11. CSF1R, which is 77 

essential for the differentiation of macrophages12, 13, has been extensively studied through 78 

the use of inhibitors. However, inhibition of CSF1R led to limited tumor suppression in cHL13, 79 

suggesting that other mechanisms and humoral factors are involved in the formation and 80 

regulation of TAMs. While several studies have revealed that TAMs colocalize with HRS 81 

cells in a microenvironmental niche2, 3, 14, the role of TAMs in the formation of TIME and in 82 

the progression of cHL remains elusive. 83 
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Most HRS cells have copy number alterations on 9p24.1, leading to the 84 

overexpression of the programmed cell death 1 (PD-1) ligands, PD-L1 and PD-L2, in tumor 85 

cells15-17. Once PD-L1/L2 binds with PD-1 on the T cell surface, the T cell immune response 86 

is negatively regulated. The critical role of the PD-1/PD-L axis in cHL development is 87 

supported by the efficacy of anti-PD-1 antibody treatment18-22. PD-L1 and PD-L2 expression 88 

in antigen-presenting cells (APCs), including monocytes and macrophages, are linked to 89 

tumor progression23-26. Upregulation of PD-L1 in TAMs occurs in cHL27, and the proportion 90 

of PD-L1+ monocytes was higher in the peripheral blood of cHL patients than in the 91 

peripheral blood of either diffuse large B cell lymphoma patients or healthy donors28. These 92 

studies suggest that PD-L1 expression in TAMs and monocytes is important in the 93 

development of cHL.  94 

Here, we studied the effect of direct contact between HRS cells and monocytes on 95 

PD-L1/L2 expression. We found that membrane transfer from HRS cells to monocytes, 96 

known as “trogocytosis”29-31, was induced by direct contact. In general, trogocytosis whose 97 

rate is affected in a cell-cell contact-dependent manner, is a rapid process, which can be 98 

distinguished from other intercellular transfer mechanisms, such as exocytosis31. 99 

Trogocytosis mediated the transfer of PD-L1/L2 from HRS cells to monocytes within an hour, 100 

which was validated using PD-L1/L2-deficient HRS cells. Importantly, immunostaining of 101 

patient tissue specimens demonstrated that the expression of PD-L1/L2 was higher in 102 
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macrophages in contact with HRS cells compared to those that were not in contact with HRS 103 

cells, suggesting that trogocytosis occurs in cHL patients.  104 

  105 
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Methods 106 

Cells  107 

L-591, L-1236, and L-428 cell lines are derived from cHL patients. THP-1 cells are derived 108 

from patients with acute monocytic leukemia. These cell lines were obtained from DSMZ 109 

(Braunschweig, Germany).  110 

 111 

Trogocytosis observation by confocal microscopy   112 

HRS cells were labeled with PKH26 (SIGMA-ALDRICH) or stained as follows: 113 

APC-conjugated anti-human PD-L1 (29E.2A3, BioLegend) and PE-conjugated anti-human 114 

PD-L2 (24F.10C12, BioLegend) or APC-conjugated anti-human CD30 (BY88, BioLegend). 115 

The membrane of monocytes was labeled with PKH67 and the nuclei were labeled with 116 

Hoechst 33258. Then, 1 × 105 HRS cells and 1 × 105 monocytes were placed in a 96-well 117 

(200 μl/well) plate. Cells were observed via confocal microscopy after one hour of incubation 118 

at 37℃.  119 

 120 

Immunohistochemistry and digital image quantification of PD-L1/L2 in TAMs in cHL 121 

To evaluate the differential expression of PD-L1/L2 on macrophages in contact with the HRS 122 

cells, as compared to the distant ones in cHL, PD-L1/L2 immunohistochemical (IHC) 123 

staining was performed on 38 cases using paraffin-embedded whole-tissue sections at 124 
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Tokai University (Pathology Department), using single and double staining procedures with 125 

CD163. The study was approved by the Institutional Review Board (IRB18R-143) of Tokai 126 

University. Informed consent was provided according to the Helsinki Declaration. The 127 

summary of IHC details are shown in Supplemental Methods.  128 

 129 

Statistical analysis 130 

Statistical significance was assessed by Student’s t-test, Wilcoxon signed-rank test or 131 

Friedman’s test. Bonferroni correction was used for multiple comparisons. A P-value < 0.05 132 

was considered statistically significant. 133 

  134 
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Results  135 

Direct contact was maintained between monocytes and HRS cell lines 136 

To assess direct contact between monocytes and HRS cell lines, THP-1 cells derived from 137 

human monocytic leukemia cells, or primary monocytes isolated from healthy donors, were 138 

co-cultured with HRS cell lines (L-591, L-1236) in semi-solid culture. The time-lapse analysis 139 

revealed that both THP-1 cells and monocytes were motile and maintained direct contact 140 

with the HRS cell lines. (Figure 1A, and Supplemental Video 1, 2).   141 

Additionally, the transwell assay indicated that the migration of L-1236 toward the 142 

monocytes was slightly observed (Figure 1B). In contrast, both supernatants of L-591 and 143 

L-1236 cells induced significant migration of monocytes (Figure 1C). These results suggest 144 

that monocytes migrated to HRS cells, leading to sustained direct contact between these 145 

two cell types. 146 

  147 

PD-L1/L2 expression was upregulated in monocytes by direct contact with HRS cells 148 

In order to explore the biological significance of direct contact between HRS cells and 149 

monocytes, we investigated the expression levels of PD-L1/L2 in co-cultures of HRS cells 150 

and monocytes. PD-L1 expression on THP-1 cells was upregulated after THP-1 co-culture 151 

with L-1236; however, PD-L1 expression was not affected by the supernatant from the 152 

L-1236 cell culture (Supplemental Figure 1). Notably, both PD-L1 and PD-L2 were 153 
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upregulated in the primary monocytes only one hour after co-culture with L-1236 cells, while 154 

PD-L1/L2 expression remained unaffected by the L-1236 culture supernatant. PD-L1 was 155 

also slightly upregulated by co-culture with L-591 cells. In contrast, no PD-L1/L2 156 

upregulation was observed in the co-culture with L-428 cells (Figure 2A-2C).  157 

To investigate the effects of the humoral factors secreted by HRS cells on the 158 

expression of PD-L1/L2 in monocytes, human peripheral blood mononuclear cells (PBMCs) 159 

were treated with culture supernatants of HRS cells for 24 hours. The culture supernatant of 160 

L-591 cells upregulated both PD-L1 and PD-L2 in monocytes, while the supernatant of 161 

L-1236 cells elevated PD-L1 but not PD-L2 expression. In contrast, the supernatant of L-428 162 

cells did not affect PD-L1 and PD-L2 expression (Supplemental Figure 2).  163 

These results demonstrated that both the humoral factors secreted by the HRS cells and 164 

direct contact between HRS cells and monocytes elevate PD-L1/L2 expression in 165 

monocytes under 24 hours co-culture. Notably, supernatants of HRS cells that contained 166 

cytokines and exosomes secreted from HRS cells did not increase PD-L1/L2 expression in 167 

monocytes after one hour of culture. Furthermore, we analyzed whether exosomes from 168 

HRS cell lines got incorporated into the monocytes after one hour or 24 hours of treatment 169 

with purified exosomes (Supplemental Figure 3A, 3B). While the exosomes got incorporated 170 

in over 60% of the monocytes incorporated exosomes after 24 hours treatment, 10% or 171 

fewer monocytes exhibited exosome incorporation after one hour of treatment. Even the 172 
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monocytes incorporating the PKH+PI- exosomes did not exhibit any upregulation of 173 

PD-L1/L2 (Supplemental Figure 3C). These results indicate that exosomes secreted by HRS 174 

cells do not lead to the upregulation of PD-L1/L2 in a short time. However, even brief direct 175 

contact with HRS for five minutes induced PD-L1/L2 upregulation upon using PD-L1/L2 176 

overexpressing L-428 (L-428L1++OE). (Figure 2D). 177 

 178 

PD-L1/L2 were transferred from HRS cells to monocytes   179 

We further investigated the mechanism of PD-L1/L2 upregulation in monocytes by studying 180 

the effects of short-term direct contact with HRS cells. Due to the rapid upregulation of 181 

PD-L1/L2, we focused on trogocytosis from HRS cells to monocytes. Trogocytosis is defined 182 

as the bidirectional movement of molecules between interacting cells or towards cells to 183 

which a donor cell is connected via the interchange of plasma membrane fragments29-31, and 184 

trogocytosis occurred even within minutes32. The results of confocal microscopy revealed 185 

trogocytosis-mediated transfer of a fluorescent dye (PKH26) between HRS cells and 186 

monocytes (Figure 3A, Supplemental Figure 4), suggesting that trogocytosis is potentially 187 

involved in the upregulation of PD-L1/L2 on monocytes. Next, we labeled PD-L1/L2 on the 188 

HRS cell surface with fluorescence dye-conjugated antibodies, and the cells were 189 

co-cultured with PKH67-labeled monocytes. Confocal microscopy showed colocalization of 190 



 13

PD-L1 and PD-L2 with PKH67, indicating the direct transfer of these molecules between 191 

HRS cells and monocytes (Figure 3B and 3C).  192 

Since trogocytosis is a phenomenon in which all membrane fragments of donor cells 193 

are transferred to recipient cells, including the immune synapse33, 34, the level of protein 194 

expression in the donor cells is believed to affect the amount of transferred protein. Flow 195 

cytometry analysis showed that L-1236 cells had higher expression levels of PD-L1 and 196 

PD-L2 than L-591 and L-428 cells (Figure 3D), which was consistent with the observed 197 

increase of PD-L1/L2 in monocytes when HRS cell lines were added to the culture (Figure 198 

2B, 2C). The amount of PD-L1/L2 appeared to be unchanged in L-1236 after co-culture with 199 

monocytes despite the transfer (Supplemental Figure 5); this might be due to high basal 200 

levels of PD-L1/L2 expression in L-1236 cells. Moreover, CD30, which is strongly expressed 201 

in HRS cells, was also transferred from HRS cells to monocytes (Figure 3D, 3E). Again, the 202 

amount of CD30 in the monocytes correlated with the expression levels of CD30 in HRS cell 203 

lines (Figure 3F).  204 

 205 

Co-culture with PD-L1/L2-deficient HRS cells did not affect PD-L1/L2 expression in 206 

monocytes   207 

Considering trogocytosis-mediated rapid protein transfer, we hypothesized that the 208 

PD-L1/L2 expression levels of the HRS cell surfaces would determine the rate of increase of 209 
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monocytes in direct contact with both cells. Indeed, PD-L1/L2 expression remained 210 

unchanged in monocytes co-cultured with PD-L1/L2-deficient L-1236 cells and control cells 211 

(L-1236L1/L2KO and L-1236Vector in Figure 4A) established by CRISPR/Cas9-mediated 212 

genome editing (Figure 4B). Conversely, CD30 was equally upregulated in monocytes 213 

co-cultured with L-1236L1/L2KO and L-1236Vector (Figure 4B). Taken together, these results 214 

suggest that rapid upregulation of PD-L1/L2 in monocytes was induced by trogocytosis. 215 

Furthermore, PD-L1/L2 expression on the monocytes co-cultured with PD-L1/L2 216 

overexpressing L-428 cells (L-428L1/L2++OE in Figure 4C) was considerably upregulated, as 217 

compared with that of the control L-428 cells (L-428Vector) (Figure 4D). Indeed, between the 218 

two PD-L1/L2 overexpressing L-428 cell lines, which showed different expression levels of 219 

PD-L1/L2 (L-428L1/L2++OE and L-428 L1/L2+OE in Supplemental Figure 6A), L-428L1/L2++OE cells 220 

with higher expression of PD-L1/L2 upregulated PD-L1/L2 in monocytes more substantially 221 

than L-428L1/L2+OE with lower expression of PD-L1/L2 did (Supplemental Figure 6B). The 222 

upregulation correlated with PD-L1/L2 expression levels in HRS cells, suggesting 223 

trogocytosis-mediated upregulation. 224 

 225 

PD-L1 on THP-1 cells acquired from HRS cells has an inhibitory effect on CD3+ T cells 226 

Next, we explored the T cell inhibitory effect of PD-L1 on monocytes acquired by HRS cells 227 

using THP-1, human monocytic leukemia cells. We found that PD-L1 on isolated THP-1 cells 228 
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acquired from HRS cells did not sustain expression long term, and most of the transferred 229 

PD-L1 had diminished by 6 hours post-isolation (Supplemental Figure 7). Thus, we tried to 230 

determine the T cell inhibitory effect of isolated THP-1 cells that have acquired PD-L1 from 231 

HRS cells in an early time course of after isolation.  232 

Expression of CD69, IL-2, and IFN-γin the CD3+ T cells isolated after the coculture with 233 

THP-1 cells where trogocytosis was caused by L-428Vector cells (trog L-428 Vector), or those 234 

where by L-428L1++OE cells  (trogL-428L1++OE), was evaluated. qPCR analysis for cells 235 

co-cultured with CD3+ + isolated each THP-1 cells revealed that expression of CD69, IL-2, 236 

and IFN-γ mRNA of CD3+ + THP-1 (trogL-428L1++OE) was lower than that of CD3+ + THP-1 237 

(trogL-428Vector) (Figure 5A). Further, secretion of IFN-γof CD3+ + THP-1 (trogL-428L1++OE) 238 

was reduced compared to that of CD3+ + THP-1 (trogL-428Vector) (Figure 5B). These data 239 

indicated that THP-1 cells acquired PD-L1 from HRS cells have an inhibitory effect on CD3+ 240 

T cells.  241 

 242 

Expression of PD-L1/L2 was higher in TAMs in direct contact with HRS cells than in 243 

TAMs distant from HRS cells 244 

Finally, we investigated the expression of PD-L1/L2 in vivo using human tissue samples. 245 

Characteristics of patients in the current study are shown in Supplemental Table 1. 246 

Topological analysis for PD-L1/L2 expression on TAMs was performed to verify trogocytosis 247 
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in patient tissue samples. The evaluation fields were separated into HRS+ and HRS– areas, 248 

and the TAMs were further classified as follows: (1) “HRS-contacted” and (2) “HRS-close” in 249 

the HRS+ area; and (3) “HRS-distant” in the HRS– area as described in Figure 6A and 250 

Supplemental Figure 8. Both PD-L1 and PD-L2 expression were significantly elevated in 251 

HRS-contacted TAMs compared to HRS-close and HRS-distant TAMs (Figure 6B) based on 252 

the pathologist’s quantification. In contrast, PD-L2 expression was not significantly different 253 

between HRS-close and HRS-distant TAMs, while PD-L1 expression was higher in 254 

HRS-close TAMs than in HRS-distant ones. Taken together, these results suggest that 255 

proximity to HRS cells more significantly affects PD-L1 than PD-L2 expressions in TAMs. 256 

Details are listed in Supplemental Table 2 and Supplemental Figure 9. 257 

To validate the results, Image J was used for digital image quantification. PD-L1/L2 258 

expression in TAMs near the HRS cells were higher compared to HRS-distant ones as 259 

evaluated by pathologists (Supplemental Table 3 and Supplemental Figure 10). The 260 

analysis was repeated to stratify the results based on histological subtype (mixed cellularity 261 

or nodular sclerosis), Epstein-Barr virus (positive or negative), and age (< 50 or ≥ 50), and 262 

no significant differences were found (Supplemental Figure 11-16). However, we cannot 263 

draw definite conclusions because of the small sample size. 264 

We also noted that in more than half the cases, HRS-contacted TAMs also had 265 

expression of CD30. Since CD30 is highly expressed in HRS cells, this observation 266 
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suggests that transfer of CD30 also occurs from HRS cells to TAMs (Figure 6C and 267 

Supplemental Table 4). Collectively, these results support our in vitro observations that 268 

trogocytosis is at least partly involved in the upregulation of PD-L1/L2 in TAMs in cHL 269 

patients.   270 
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Discussion  271 

In the current study, we found that the expression of PD-L1/L2 in monocytes increased by 272 

trogocytosis from HRS cells to monocytes (Figure 2, 3). Indeed, analysis of human tissue 273 

specimens revealed that the expression of PD-L1/L2 in TAMs that were in contact with HRS 274 

cells was highest in the TAMs that infiltrated the tumor tissue. This suggests that PD-L1/L2 275 

transfer from HRS cells to TAMs occurs in cHL patients (Figure 6). Based on the results, we 276 

concluded that PD-L1/L2 on the surface of peripheral blood monocytes recruited to the 277 

tumor tissue are promptly upregulated by direct contact with HRS cells. This may, in turn, 278 

play an important role in tumor progression in cHL through T cell suppression via the PD-1 279 

and PD-L1/L2 axis (Figure 7).  280 

Anti-PD-1 treatment in cHL has a good overall response rate in the range of 281 

65%-87%18-22. Mediation of the PD-1 and PD-L1/L2 axis by major histocompatibility complex 282 

(MHC) class II antigen presentation is crucial for tumor formation35-37. HRS cells frequently 283 

have defects in MHC class I expression38, 39. Therefore, the expression of PD-L1/L2 in 284 

monocytes and antigen-presenting cells (APCs), which both express MHC class II, in the 285 

cHL TIME may explain the efficacy of anti-PD-1 treatment in cHL. Because CD8+ cytotoxic T 286 

cells recognize tumor antigens presented by MHC class I molecules40, 41, CD8+ effector T 287 

cells are not entirely responsible for the dramatic efficacy of anti-PD-1 treatment. In contrast, 288 

the effector CD4+ T cells exert critical immunosuppressive functions and have more critical 289 
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roles in cHL progression42, 43. Indeed, high numbers of PD-1+ CD4+ T cells are abundant in 290 

surrounding HRS cells14. Additionally, mass cytometry fractions have shown that the tumor 291 

tissue in cHL mainly consisted of exhausted CD4+ T cells44. Thus, PD-L1/L2 upregulation in 292 

monocytes may be critical for tumor formation and progression through not only CD8+ T cell 293 

but also CD4+ T cell suppression (Figure 7).  294 

A previous study also showed that TAMs near the HRS cells had higher PD-L1 295 

expression than TAMs that were distant from HRS cells14. Although cytokines, such as 296 

interferon-gamma (IFN-γ) and granulocyte-macrophage colony-stimulating factors, secreted 297 

by HRS cells can be considered as reasons for PD-L1 enhancement14, 45-48, the detailed 298 

mechanism underlying the upregulation of PD-L1 in TAMs proximal to HRS cells remained 299 

elusive. Here, we suggest trogocytosis as one of the mechanisms behind increased 300 

PD-L1/L2 expression in TAMs near HRS cells. 301 

Our in vitro study demonstrated that co-culture with L-1236 cells upregulated 302 

PD-L1/L2 in monocytes in only one hour (Figure 2). Due to early upregulation, we focused 303 

on trogocytosis, which is known as protein transfer from one cell to another29-31. Since 304 

trogocytosis is a rapid direct protein delivery system distinguished from humoral factors, 305 

such as cytokines and exosomes, it results in an early increase in protein levels in the 306 

recipient cells29. Indeed, our confocal microscopy study confirmed the movement of 307 

PD-L1/L2 from HRS cells to monocytes (Figure 3). The contribution of trogocytosis in the 308 
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rapid upregulation of PD-L1/L2 was further verified when co-culture with L-1236L1L2KO did not 309 

affect PD-L1/L2 expression in monocytes (Figure 4A, B) and that with L-428L1/L2+OE or 310 

L-428L1/L2++OE significantly upregulated PD-L1/L2 expression in monocytes, in a 311 

dose-dependent manner (Figure 4C, D and Supplemental Figure 6). Thus, the rapid 312 

upregulation of PD-L1/L2 on monocyte cell surfaces primarily originated from trogocytosis. 313 

Trogocytosis occurs in vitro and in vivo, and its function may be important in immune 314 

response regulation29. For instance, the acquisition of MHC class II molecules by natural 315 

killer cells from dendritic cells leads to the inhibition of CD4+ T cell-mediated immune 316 

regulation32. Another study revealed that CD86 transfer from inducible regulatory T cells to 317 

dendritic cells augmented immune suppression49. Furthermore, in cHL, CD137 transition 318 

from HRS cells to APCs was involved in immune evasion by inhibiting T cell activation50. 319 

Indeed, our in vitro qPCR and ELISA analysis showed that PD-L1 on THP-1 cells acquired 320 

from HRS cells have an inhibitory effect on CD3+ T cells (Figure 5). Taken together, the 321 

transfer of PD-L1/L2 from HRS cells to monocytes might relate to the establishment of TIME 322 

in cHL through T cell suppression.  323 

To validate trogocytosis-mediated PD-L1/L2 transfer from HRS cells to TAMs in cHL 324 

patients, we examined human tissue specimens of cHL. A previous study using multiple 325 

fluorescence staining in 20 cHL samples demonstrated that PD-L1 upregulation was 326 

observed in TAMs near HRS cells rather than in TAMs distant from HRS cells, whereas 327 
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PD-L2 expression in TAMs responded to their distance from HRS cells, and the PD-L1/L2 328 

levels on TAMs in direct contact with HRS cells remained unknown14. In this study, we 329 

performed double immunofluorescence staining on 38 cHL samples. Both PD-L1 and PD-L2 330 

expression were higher in TAMs in contact with HRS cells compared with TAMs distant from 331 

HRS cells (Figure 6). Based on pathologists’ quantification, proximity to HRS cells affected 332 

PD-L1 expression in TAMs, where TAMs that were closest to HRS had higher PD-L1 333 

expression levels (HRS-contacted > HRS-close > HRS-distant). In contrast, there was no 334 

obvious correlation between PD-L2 expression in TAMs and the distance between TAMs 335 

and HRS cells. In addition, although software quantification showed that both PD-L1 and 336 

PD-L2 on HRS-close TAMs were elevated compared to HRS-distant TAMs, the difference in 337 

PD-L2 expression (%) between HRS-close and HRS-distant TAMs was small compared to 338 

the difference in PD-L1 expression (%) between HRS-close and HRS-distant TAMs 339 

(Supplemental Figure 10). One possible reason is that PD-L2 expression is generally lower 340 

than PD-L1 expression in HRS cells (Supplemental Table 3 and Supplemental Figure 9). 341 

This is also reported in previous immunostaining studies where PD-L1 was markedly 342 

expressed while PD-L2 was generally weakly positive in HRS cells51, 52. Moreover, taking 343 

into account our in vitro results where the level of protein transfer is dependent on the 344 

PD-L1/L2 expression levels on HRS cells, less PD-L2 may be transferred from HRS cells to 345 

TAMs compared to PD-L1. 346 
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PD-L1/L2 on TAMs in direct contact with the HRS cells may also be elevated by 347 

humoral factors secreted by HRS cells. Indeed, our in vitro analysis revealed that the 348 

supernatants from a few particular HRS cell cultures increased PD-L1/L2 on monocytes 349 

(Supplemental Figure 2). Still, trogocytosis seems to be another efficient mechanism since 350 

we observed that CD30 expression was also elevated in monocytes that were in contact with 351 

HRS cells (Figure 6C). Although humoral factors may elevate TAM expression of PD-L1/L2 352 

in some cases of cHL, trogocytosis is an additional potential mechanism for PD-L1/L2 353 

elevation on TAMs in cHL patients, which leads to T cell suppression by the MHC pathway.  354 

Thus, inhibition of PD-L1/L2 upregulation on monocytes is a potential therapeutic 355 

target for cHL. Blocking the interaction between a chemokine and its receptor is a rational 356 

strategy for inhibition of direct contact between cells, which is necessary for trogocytosis. 357 

Indeed, a recent study using a CCR5 antagonist that prevented the recruitment of 358 

monocytes in tumor tissues was able to inhibit tumor progression with low toxicity in 359 

HRS-xenograft mice53. Further studies are required to determine the efficacy of inhibition of 360 

direct contact between cells.  361 

In conclusion, PD-L1 and PD-L2 expression levels in monocytes newly recruited to 362 

tumor tissues were elevated via trogocytosis from HRS cells, which may contribute to the 363 

upregulation of PD-L1/L2 in TAMs near HRS cells. Trogocytosis was more effective in 364 

facilitating the rapid increase of PD-L1/L2 on the cell surface of TAMs compared to humoral 365 
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factors. We hypothesize that trogocytosis-mediated PD-L1/L2 transfer from HRS cells 366 

suppresses effector T cells through the PD-1 and PD-L1/L2 axis by MHC presentation. 367 
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Figure Legends 598 

Figure 1. Monocytes migrate towards and come into direct contact with HRS cell 599 

lines. 600 

(A) Monocytes in contact with L-591-mOrange+ or L-1236-mOrange+ in semi-solid cultures. 601 

Three independent experiments were carried out, and representative data are shown. scale 602 

bar: 10 μm, original magnification ×20. (B) The number of HRS-mOrange+ cells (L-591 and 603 

L-1236) that migrated to monocytes was counted in the transwell cultures. (C) The number 604 

of CD14+ monocytes that migrated to the wells with the supernatant of HRS cells was 605 

counted (L-591: left, L-1236; right). CCL19 (10 nM) or CCL2 (100 ng/ml) was used as the 606 

positive control (PC), and RPMI1640 medium was the negative control (NC). Migration index 607 

indicates the cell number in each sample divided by that in the NC. (n = 3). Error bar: mean ± 608 

SD. *P < 0.05, **P < 0.01, N.S.: not significant. The data were analyzed by Student’s t-test.  609 

 610 

Figure 2. PD-L1/L2 expression was rapidly upregulated in monocytes by direct 611 

contact with HRS cells. 612 

(A) Representative plots show the gating strategy for flow cytometry. HRS-mOrange+ and 613 

PI+ cells were excluded, then CD14+ biotin-streptavidin binding monocytes were gated for 614 

further analysis (red rectangle). (B)(C) Histogram of PD-L1/L2 on monocytes with HRS cells 615 

and supernatant (sup) of the cells are shown. (B) MFI (PD-L1/PD-L2); control: 61.2/5.4, 616 
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without HRS cells: 411/5.9, with L-1236 sup: 418/5.88, with L-1236 mix: 808/69, *Positive 617 

cells (PD-L1/PD-L2); without HRS cells: 32.3%/3.44%, with L-1236 sup: 32%/3.2%, with 618 

L-1236 cells: 71.9%/72.6%. (C) MFI (PD-L1/PD-L2); control: 54.2/5.31, without HRS cells: 619 

241/7.3, with L-591 sup: 275/7.67, with L-591 cells: 432/7.6, with L-428 sup: 297/6.43, with 620 

L-428 cells: 320/9.64. *Positive cells (PD-L1/PD-L2); without HRS cells: 15.4%/0.54%, with 621 

L-591 sup: 20.7%/0.69%, with L-591 cells 46.6%/0.97%, with L-428 sup: 22.8%/0.5%, with 622 

L-428 cells: 28.6%/1.46%. (D) After monocytes were cultured with PD-L1/L2 overexpressing 623 

L-428 (L-428L1/L2++OE) or control (L-428Vector) for five minutes, expression of PD-L1/L2 on 624 

monocytes was analyzed by flow cytometry. MFI (PD-L1/PD-L2); control: 136/7.87, without 625 

HRS cells: 267/8.93, with L-428L1/L2++OE: 1078/561, *Positive cells (PD-L1/PD-L2); without 626 

HRS cells: 5.55%/0.09%, with L-428L1/L2++OE: 49.1%/89.7%. Three experiments were 627 

performed, and representative data are presented. 628 

 629 

Figure 3. PD-L1/L2 were transferred from HRS cells to monocytes. 630 

(A) PKH26-labeled L-1236 cells (red) and PKH67-labeled (green) monocytes were 631 

co-cultured. (B)(C) L-1236 or L-428 cells stained for PD-L1 (blue) and PD-L2 (red) were 632 

mixed with PKH67-labeled monocytes. Nuclei of monocytes were also labeled with Hoechst 633 

33258 (White). (C) Co-localization of PD-L1/L2 with monocytes denoted white. Figures 634 

indicate PD-L1/monocytes (upper) and PD-L2/monocytes (lower). Scale bar: 10 μm; original 635 
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magnification ×40. (D) Expression levels of PD-L1/L2 and CD30 were compared between 636 

L-1236, L-591, and L-428 cells by flow cytometry. MFI (PD-L1/PD-L2/CD30); L-591 (control): 637 

14.2/13.6/43.8, L-1236 (control): 22.5/19.5/124, L-428 (control): 18/13.5/51.5, L-591: 638 

155/39.8/24489, L-1236:1462/1082/1145, L-428: 135/126/29726. *Positive cells 639 

(PD-L1/PD-L2/CD30); L-591: 32.5%/14.8%/99.4%, L-1236: 99.3%/98.9%/27.2%, L-428: 640 

30.5%/68.7%/99.4%. (E) CD30 (blue) stained L-428 cells were co-cultured with 641 

PKH67-labeled monocytes. Scale bar: 10 μm; original magnification ×40. (F) CD30 642 

expression on monocytes after one hour of co-culture with HRS cells was measured by flow 643 

cytometry. MFI; control: 24, without HRS cells: 27.2, with L-1236 sup: 38.8, with L-1236 644 

cells: 71.7, with L-591 sup: 33.3, with L-591 cells: 487, with L-428 sup: 29.8, with L-428 cells: 645 

2151. *Positive cells; without HRS cells: 1.69%, with L-1236 sup: 1.45%, with L-1236 cells: 646 

7.82%, with L-591 sup: 2.49%, with L-591 cells 43.8%, with L-428 sup: 2.03%, with L-428 647 

cells: 86.2%. Each analysis was performed three times, and representatives are shown. 648 

 649 

Figure 4. Expression of PD-L1/L2 on monocytes was unchanged in co-cultures with 650 

PD-L1/L2-deficient HRS cells. 651 

(A) Expression of PD-L1/L2 on PD-L1/L2-deficient L-1236 cells (L-1236L1/L2KO) and control 652 

vector cells (L-1236Vector). MFI (PD-L1/PD-L2); L-1236 L1/L2KO (control): 19.5/31, L-1236Vector 653 

(control): 18.9/27.9, L-1236L1/L2KO: 91.4/63.4, L-1236Vector: 2534/1348. *Positive cells 654 
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(PD-L1/PD-L2); L-1236KO: 14.5%/1.81%, L-1236Vector: 99.8%/97.2%. (B) After monocytes 655 

were cultured with L-1236L1/L2KO or L-1236Vector for one hour, expression of PD-L1/L2 and 656 

CD30 on monocytes were analyzed by flow cytometry. MFI (PD-L1/PD-L2/CD30); control: 657 

35.4/5.04/33.4, without HRS cells: 206/6.29/36.3, with L-1236L1/L2KO: 193/8.24/60.1, with 658 

L-1236Vector: 583/121/59.8, *Positive cells (PD-L1/PD-L2/CD30); without HRS cells: 659 

21.2%/0.08%/3.02%, with L-1236L1/L2KO: 19.5%/0.39%/6.55%, with L-1236Vector: 660 

86.7%/72.5%/6.74%. (C) Expression of PD-L1/L2 on two PD-L1/L2-overexpression cells 661 

(L-428L1/L2++OE) and control vector cells (L-428Vector). MFI (PD-L1/PD-L2); L-428Vector 662 

(control): 13.9/10.6, L-428L1/L2++OE (control): 13.1/8.83, L-428Vector: 62.1/128, L-428L1/L2++OE: 663 

8077/2889. *Positive cells (PD-L1/PD-L2): L-428Vector (10.5%/70.7%), L-428L1/L2++OE 664 

(99.4%/99.8%). (D) After monocytes were cultured with L-428L1/L2++OE or L-428Vector for one 665 

hour, expression of PD-L1/L2 on monocytes was analyzed by flow cytometry. MFI 666 

(PD-L1/PD-L2); control: 54.3/8.5. without HRS cells: 119/6.99, with L-428Vector: 147/8.5, with 667 

L-428L1/L2++OE: 747/358, *Positive cells (PD-L1/PD-L2); without HRS cells: 6.17%/0.06%, 668 

with L-428Vector: 11.2%/0.33%, with L-428L1/L2++OE: 75.3%/90.1%. The experiments were 669 

performed in triplicate, and representative histograms are presented.  670 

 671 

Figure 5. PD-L1 on THP-1 cells from HRS cells has an inhibitory effect on T cells. 672 
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(A)(B) THP-1 cells were co-cultured with L-428Vector or L-428L1++OE for one hour, and then 673 

THP-1 cells were isolated, respectively (THP-1 (trogL-428Vector) or THP-1 (trogL-428L1++OE). 674 

Purified CD3+ T cells were pre-stimulated by anti-CD3 antibody 1 μg/ml for 24 hours. 675 

Post-stimulated CD3+ cells were co-cultured with THP-1 (trogL-428Vector) or THP-1 676 

(trogL-428L1++OE) for two hours at a ratio of 2:1. (A) Total RNA was collected for co-cultured 677 

cells or CD3+ T cells. CD69, IL-2, or IFN-γexpression was measured by qPCR. (B) The cell 678 

culture supernatant was collected, and IFN-γ secretion was measured by ELISA. mRNA of 679 

CD69, IL-2, and IFN-γand secretion of IFN-γ from THP-1 (trogL-428Vector) and THP-1 680 

(trogL-428L1++OE) cells was undetectable (data not shown). Error bar: mean ± SD. *P < 0.05, 681 

**P < 0.01. The data were analyzed by Student’s t-test. These data are representative of 682 

three independent experiments.  683 

 684 

Figure 6. Expression of PD-L1 and PD-L2 on TAMs in contact with HRS cells were 685 

higher than in TAMs distant from HRS cells in cHL patients. 686 

(A) Analysis procedures are briefly shown. (I) TAMs near the HRS area were determined by 687 

CD30 staining. The CD30-abundant region was defined as the HRS+ area, and the 688 

CD30-scarce region was defined as the HRS– area (each area: 130 μm × 170 μm). Brown: 689 

CD30. TAMs were further classified as follows: (1) HRS-contacted: the distance from 690 

macrophages to CD30-positive HRS cells is within 5 μm in HRS+ area (and most of the 691 
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macrophages are in direct physical contact with HRS cells); (2) HRS-close: the distance 692 

from macrophages to CD30-positive HRS cells is within 110 μm in HRS+ area; and (3) 693 

HRS-distant: the macrophages that are not close to HRS cells in HRS– area. (II) Next, 694 

PD-L1/CD163 and PD-L2/CD163 double staining were performed in each area. Brown: 695 

PD-L1/L2; red: CD163. (B) PD-L1/L2 expression on TAMs among HRS-contacted, 696 

HRS-close, and HRS-distant were measured, and boxplots represent the data. The boxes 697 

denote the median, and the first and third quartile; the upper and lower whiskers represent 698 

the 90% and 10%, respectively (N = 38). The Friedman’s test was performed, and 699 

Bonferroni correction was used for multiple comparisons. *P < 0.01, ** P < 0.001. N.S.: not 700 

significant. (C) Representative immunostaining images of CD30 on the HRS+ area are 701 

shown. HRS cells and macrophages that express CD30 are highlighted by squares. Brown: 702 

CD30. Scale bar: 20 μm, Original magnification ×400.  703 

 704 

Figure 7. Schema for the tumor microenvironment in cHL. 705 

I. Monocytes from peripheral blood are recruited by HRS cells into the tumor 706 

microenvironment and differentiate into TAMs. Within a short period of time, trogocytosis 707 

from HRS cells to TAMs occurs by direct contact, resulting in rapid upregulation of PD-L1/L2 708 

on the surface of TAMs. II. PD-L1 and PD-L2 elevation on cell surfaces of TAMs near HRS 709 

cells suppress effector T cells through PD-1 and PD-L1/L2 interaction by MHC presentation. 710 
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This contributes to the tumor’s escape from immune surveillance, leading to the progression 711 

of the tumor microenvironment. 712 
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Supplemental Methods 

Lentivirus vector transfer into HRS cell lines and THP-1 

mOrange and Venus were introduced into HRS cell lines and THP-1 cells, using 

lentivirus, respectively. HEK293T cell was used as packaging cells to produce 

lentiviral particles. X-tremeGENE9 (Roche), pCAG KGPIR for gag, pCAG 

4RTR2 for Rev/tat, and pCMV-G viral packaging construct were added to 

HEK293T cells. The viral supernatant added to HRS cell lines and THP-1 cells 

cultured in a 24-well plate, and infected with the desired lentiviral vector for 99 

minutes. FACS ARIA III was performed to obtain transduced cells. 

 

Cell culture 

L-591, L-1236, L-428, and THP-1 were cultured in RPMI1640 medium (Wako) 

supplemented with 10% fetal bovine serum (Hyclone), 1% penicillin and 

streptomycin (Wako), 1% non-essential amino acids (Wako), and 50 M 

2-mercaptoethanol (Gibco) in a 50 ml flask. Cells were passaged twice a week. 

Cell supernatant for HRS cells was harvested as follows. HRS cells were 

cultured on 2.5 × 105/ml at 37  for 24 hours. Then, the supernatant was 

collected after filtration through a Millex® GV-PVDF filter (0.22um). 

 

Isolation of monocytes and CD3+ T cells from peripheral blood 

mononuclear cells 

Human peripheral blood mononuclear cells (PBMCs) from healthy volunteer 

donors were isolated by Ficoll-Hypaque (LymphoprepTM, AxisShield PoC AS, 

Oslo, Norway). They were stained biotinylated anti-human CD14 antibody 

(HCD14, BioLegend, San Diego, CA) and then labeled with anti-biotin magnetic 

MicroBeads. PBMCs were also treated with APC-conjugated anti-human CD3 

antibody (HIT3a, BioLegend), and subsequently with magnetically labeled 

anti-APC MicroBeads (Milteny Biotec). The desired population was purified by 

positive selection (AutoMACS: program possel; Milteny Biotec). 

 

Time-lapse observation of interaction between cells in semi-solid medium 

The semi-solid culture system using methyl cellulose was established to assess 

movement of HRS cells and monocytes. Monocytes were labeled with PKH67 

(SIGMA-ALDRICH, Saint Louis, MO) following the manufacturer’s protocol. The 

culture medium contained 20% fetal bovine serum, 2 M of 2-mercaptoethanol, 



30% MEM- , and 50% methyl cellulose, and PKH67-labeled monocytes (5 × 

105) and HRS-mOrange+ cells (2 × 105) were mixed in this medium. Then, 1 ml 

of cultures were plated on 35 mm glass bottom dishes. After incubation at 37  

for 24 hours, they were observed under a confocal microscope (LSM700, Carl 

Zeiss) and time-lapse imaging was performed every three minutes for one hour 

in order to follow monocytes and HRS cells (Z axis: 25 m). Three-dimensional 

images were analyzed by Imaris software (Bitplane). 

 

Transwell migration assay 

Migration assays were performed using a transwell chamber system in 24-well 

culture plate (Corning Inc., NY, USA). Migration from HRS cells to monocytes 

was explored using an 8 m pore membrane. Briefly, HRS-mOrange+ cells were 

seeded on the upper chamber (1 × 105 cells/well) in a final volume of 100 l, and 

monocytes (2.5 × 105 cells/well) on the lower chamber in a final volume of 500 l. 

After three hours of incubation, cells in the lower chamber were collected and 

the number of mOrange+ cells were counted by flow cytometry. CCL19 

(Peprotech) was used as the positive control. 

Migration from monocytes to HRS cells was evaluated by 5 m pore membrane. 

Briefly, isolated CD14+ monocytes were seeded in the upper compartment (2 × 

105 cells/well) in a final volume of 200 l, and supernatant of HRS cells in the 

lower chamber in a final volume of 600 l. After three hours of treatment, 

migrated monocytes were collected and then CD14+ and PI- were counted as 

live monocytes by flow cytometry. CCL2 (PrimeGene, Shanghai) was used for 

the positive control. 

 

Flow cytometry analysis 

Monocytes were stained biotinylated anti-human CD14, and subsequently, 

APC/Cy7-conjugated Streptavidin (BioLegend). A total of 1 × 105 monocytes 

and/or 1 × 105 HRS-mOrange+ cells were cultured in a 96-well plate. Cells were 

analyzed using FACS Verse (BD Biosciences). Dead cells were excluded by PI 

(propidium iodide, Sigma) staining. Data were analyzed using FlowJo software 

(Tree Star). The other antibodies used to detect the expression of cell surface 

markers are listed as below: APC-conjugated anti-human PD-L1 (29E.2A3, 

BioLegend), PE/Cy7-conjugated anti-human PD-L2 (MIH18, BioLegend), 

APC-conjugated anti-human CD30 (BY88, BioLegend).  

 



Exosome isolation by ultracentrifugation 

Purified exosomes from HRS cell lines were isolated by ultracentrifugation. 

L-591 and L-1236 were cultured in RPMI-1640 medium three days, and cell 

supernatants were harvested. Exosomes were collected from the supernatants 

using ultracentrifugation at 110000 X g for 70 minutes. Collected exosomes 

were labeled with PKH26. The amount of in exosomes were measured by 

nanophotometer (Implen, Munich, Germany). Isolated exosomes were observed 

by transmission electron microscope (JEM-1400, JEOL, Tokyo, Japan).  

 

Establishment of PD-L1/L2 knockout in L-1236 by CRISPR/Cas9 system 

Single guide RNAs (sgRNAs) were constructed into 

pX330-U6-Chimeric_BB-CBh-hSpCas9. The primers for the sgRNAs are listed 

as below.  

PD-L1: 5’-CACCGAGCTACTATGCTGAACCTTC-3’ (Forward). 

5’-AAACGAAGGTTCAGCATAGTAGCTC-3’ (Reverse). 

PD-L2: 5’-CACCGTTGGCAGGAACGCTGACGTT-3’ (Forward). 

5’-AAACAACGTCAGCGTTCCTGCCAAC-3’ (Reverse). 

Using NEON electroporation system (Invitrogen), pX330-sgRNA and 

pcDNA3-EGFP (Addgene) were transfected into L-1236mOrange+ according to 

the manufacturer’s instructions. The PD-L1/L2-positive fractions (L-1236Vector) 

and PD-L1/L2-negative fractions (L-1236L1/L2KO) were separated using FACS 

ARIA III.  

 

Establishment of PD-L1/L2 overexpression in L-428 

PD-L1/L2-cloned and control vectors were prepared. The primers for cloning 

PD-L1/L2 are listed as below. 

PD-L1: 5’-GGCGCTAGCCATGAGGATATTTGCTGTCTTTATA-3’ (Forward). 

5’-ATTGCGGCCGCTTACGTCTCCTCCAAATGTGTATC-3’ (Reverse). 

PD-L2: 5’-GCCGCTAGCCATGATCTTCCTCCTGCTAATGTTG-3’ (Forward). 

5’-ATTGCGGCCGCTCAGATAGCACTGTTCACTTCCCT-3’ (Reverse). 

PD-L1/L2 were cloned into the multiple cloning site of 

CSII-CMV-MCS-IRES2-Venus vector using restriction enzymes, NotI and 

BamHI. These vectors were transduced into a lentiviral system. After 

transductions into L-428, Venus-positive and two PD-L1/L2-positive fractions 

were sorted using FACS ARIA III (L-428L1/L2+OE and L-428L1/L2++OE). Venus+ 

control vectors were also separated (L-428Vector). 



 

Functional quantification of CD3+ T cells by qPCR and ELISA 

PKH26-labeled THP-1 cells were mixed with L-428Vector or L-428L1++OE for one 

hour, and the THP-1 cells were isolated (named as THP-1 (trogL-428Vector) or 

THP-1 (trogL-428L1++OE)). Purified CD3+ T cells were pre-stimulated with 

anti-CD3 antibody 1 g/ml (OKT3, BioLegend) for 24 hours. Then, the isolated 

THP-1 cells were co-cultured with post-stimulated CD3+ T cells in a 96-well plate. 

After co-culture for two hours, the expression levels of CD3+ T cells activation 

markers (CD69, IL-2, and IFN- ) were evaluated by qPCR, and IFN-  

secretion was estimated by ELISA to assess the inhibitory effect of isolated 

THP-1 cells.  

 

qPCR analysis 

The cells were purified using Sepasol-RNA I Super G. RT- PCR was conducted 

with the High-Capacity Reverse Transcription Kit (Applied Biosystems), and 

quantification by real-time PCR was performed using the THUNDERBIRD SYBR 

qPCR Mix (TOYOBO CO., Life Science Department Osaka, Japan) following 

manufacturer’s protocol. CD3 is used as CD3+ T cell internal control. The 

amount of total RNA of CD3+ T cell + isolated THP-1 was unified. The primers 

were as follows.  

CD3: 5’-AAGATGGTTCGGTACTTCTGACTTGTG-3’ (Forward). 

5’-GTAGAGCTGGTCATTGGGCAACAGAGT-3’ (Reverse). 

CD69: 5’-CAAGTTCCTGTCCTGTGTGC-3’ (Forward). 

5’-GAGAATGTGTATTGGCCTGGA-3’ (Reverse). 

IL-2: 5’-AGAACTCAAACCTCTGGAGGAAG-3’ (Forward). 

5’-GCTGTCTCATCAGCATATTCACAC-3’ (Reverse). 

IFN- : 5’-TGACCAGAGCATCCAAAAGA-3’ (Forward). 

5’-CTCTTCGACCTCGAAACAGC-3’ (Reverse). 

 

ELISA 

IFN-  concentration in cell supernatants were measured by human IFN-  

ELISA MaxTM Deluxe set (BioLegend) following the manufacture’s protocol.  

 

Immunohistochemistry and digital image quantification of PD-L1/L2 in 

TAMs in cHL. 



The diagnosis of cHL conformed the criteria of the World Health Organization 

classification of 20161. The evaluation and quantification of the several markers 

including both PD-L1 and PD-L2 marker followed the similar experimental 

procedures and strategies as previously described by Carreras J et. al2, 3. 

Immunohistochemistry (IHC) was performed using an automated equipment, the 

Leica Bond Max Automated IHC/ISH Stainer, following the manufacturer’s 

instructions (Leica Microsystems K.K., Tokyo, Japan). In summary, the IHC 

procedure consisted of deparaffinization, hydration, peroxide block, post primary, 

polymer reagent, DAB chromogen and hematoxylin counterstain. For single 

staining, the Bond Polymer Refine Detection ready-to-use system was used 

(DAB chromogen, #DS9800, Leica), and for double immunohistochemistry the 

Bond Polymer Refine Red Detection was used for the second marker (Fast Red 

chromogen, kit based on alkaline phosphatase-linked polymer, #DS9390, Leica). 

First, the IHC for CD30, PD-L1, PD-L2 and CD163 were performed as single 

stainings. Secondly, PD-L1 (brown)/CD163 (red) and PD-L2 (brown)/CD163 

(red) were performed as double IHC stainings. All IHC was performed in 

consecutive sections. The primary antibodies were against human CD30 

(Internal domain, clone JCM182, #NCL-L-CD30-591, Novocastra/Leica), PD-L1 

(Extracellular domain specific, rabbit mAb, clone E1J2J, #15165, Cell Signaling), 

PD-L2 (rabbit mAb, clone D7U8C, #82723, Cell Signaling) and CD163 (mouse 

mAb, clone 10D6, #NCL-L-CD163, Novocastra). BOND Epitope Retrieval 

Solution 2 was used for antigen retrieval (#AR9640, Leica). Of note, for PD-L1 

and PD-L2 needed a more stringent procedure with retrieval on pressure cooker 

in microwave and signal enhancer. The histological features of the biopsies of 

the case of cHL were first evaluated on the Hematoxylin-Eosin staining and the 

locations of the clusters of CD30-positive Hodgkin and Reed-Sternberg (HRS) 

cells were identified under optical evaluation, using an Olympus BX63 

automated research microscope. The representative areas of the several marker 

(i.e. CD30, CD163, PD-L1 and PD-L2) containing the HRS cells were 

subsequently stored using a digital microscope camera for further evaluation 

(DP73 camera and cellSens software; Olympus, Tokyo, Japan; Flexscan 

EV2785, EIZO Corporation, Ishikawa, Japan).  

The expression of PD-L1 and PD-L2 by the CD163-positive 

tumor-associated macrophage in relationship to their distance to the HRS cells 

was performed using the double IHC stainings: First, the region of interest (ROI) 

were identified, digitalized and stored. Secondly, the images of the ROIs were 



visualized on the Icy open-source image processing software for bioimaging 

(BioImage Analysis unit Institute Pasteur, version 1.9.10.0)4. The Color Picker 

Threshold application (version 1.2.0.2) was used to highlight the PD-L1 and 

PD-L2 marker on the double CD163/PD-L IHC slides. The color threshold for 

PD-L1 and PD-L2-positive was set up on the characteristic HRS cells, which 

served as internal control, and subsequently all the cases were analyzed 

consecutively to avoid bias with a focus on the PD-L1/L2 expression on the 

macrophages. With this procedure, always under the supervision of the 

pathologist, the percentage of PD-1 ligand expression on the TAMs area was 

recorded.  

The intensity of PD-L1/L2 staining was evaluated on the single IHC slide 

as an ordinal variable while the percentage of macrophage area stained with 

PD-L1/L2 marker was assessed on the double IHC slides as a quantitative 

variable. The PD-L1/L2 IHC expression in macrophages was assessed in three 

different regions: (1) HRS-contacted: the distance from macrophages to 

CD30-positive HRS cells is within 5 m (and most of the macrophages are in 

direct physical contact with HRS cells); (2) HRS-close: the macrophages to 

CD30-positive HRS cells is within 110 m [(within an area delimited by a 400× 

microscopic magnification that contains CD30+ HRS cells (HRS+ area)]; and (3) 

HRS-distant: the macrophages that are not close to HRS cells [i.e. present in an 

area of ×400 magnification that does not contain CD30+ HRS cells (HRS– area)]. 

Each area is 130 m × 170 m. The consensus of two pathologists was 

considered as a final decision. 

Besides the quantification using Icy software, a second quantification, 

based on the same ROIs, was performed using ImageJ software to identify the 

PD-L1/L2 expression on macrophages. The software quantification was 

performed in both the PD-L1/L2 HRS-positive area and HRS-negative area. The 

following formula was used for calculating each area: [CD163 and PD-L 

double-positive / CD163 single-positive + CD163 and PD-L double positive] × 

100 (%). Of note, both the quantification strategy using Icy and ImageJ are 

comparable as they both used the same ROIs that were selected by the 

pathologist. ImageJ allows numbers with more decimals and it is more 

systematic. On the other hand, Icy strategy allows better correction of 

background.  
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